The CstF polyadenylation factor is a multisubunit complex required for efficient cleavage and polyadenylation of pre-mRNAs. Using an RNase H-mediated mapping technique, we show that the 64-kDa subunit of CstF can be photo cross-linked to pre-mRNAs at U-rich regions located downstream of the cleavage site of the simian virus 40 late and adenovirus L3 pre-mRNAs. This positional specificity of cross-linking is a consequence of CstF interaction with the polyadenylation complex, since the 64-kDa protein by itself is cross-linked at multiple positions on a pre-mRNA template. During polyadenylation, four consecutive U residues can substitute for the native downstream U-rich sequence on the simian virus 40 pre-mRNA, mediating efficient 64-kDa protein cross-linking at the downstream position. Furthermore, the position of the U stretch not only enables the 64-kDa polypeptide to be cross-linked to the pre-mRNA but also influences the site of cleavage. A search of the GenBank database revealed that a substantial portion of mammalian polyadenylation sites carried four or more consecutive U residues positioned so that they should function as sites for interaction with the 64-kDa protein downstream of the cleavage site. Our results indicate that the polyadenylation machinery physically spans the cleavage site, directing cleavage factors to a position located between the upstream AAUAAA motif, where the cleavage and polyadenylation specificity factor is thought to interact, and the downstream U-rich binding site for the 64-kDa subunit of CstF.
Polyadenylation of precursor mRNAs involves a series of distinct steps: recognition of pre-mRNA substrates which contain the hexanucleotide sequence AAUAAA (19) by polyadenylation factors; endonucleolytic cleavage of the premRNA at a distinct site five to 40 nucleotides (nt) 3' of the hexanucleotide; and addition of approximately 200 adenosine residues at the 3' end (11, 22, 29) . In vivo, these processes are tightly coupled, but the steps can be readily uncoupled in vitro. Previous studies have identified U-rich or GU-rich regions, located as far as 50 nt downstream of the cleavage site, which influence polyadenylation both in vivo and in vitro (6, 13-15, 20, 21, 23, 24, 34) . To date, the mechanism by which these downstream sequence elements influence polyadenylation has not been elucidated.
A 64-kDa (64K) polypeptide can be efficiently photo crosslinked to AAUAAA-containing RNA substrates that are undergoing polyadenylation in nuclear extracts of HeLa cells (31, 16) . The 64K polypeptide is a subunit of cleavage and polyadenylation stimulation factor (CstF [27, 28] ; also termed CF1 [7, 8] ). A role for the factor in poly(A) addition was confirmed by the ability of antibodies specific for the 64K polypeptide to deplete CstF and block in vitro polyadenylation (27) . The 64K polypeptide will specifically cross-link to AAUAAA-containing mRNAs as part of the CstF complex only in the presence of a second multisubunit factor (33) termed the cleavage and polyadenylation specificity factor (CPSF; formerly PF2, SF, or CPF [9, 16, 30] ). CstF has been defined as a factor which, in the presence of CPSF, is required for the efficiency of polyadenylation (7, 8, 27, 28) . Weiss et al. (30) have shown that CstF serves to stabilize a complex between CPSF and RNA with an appropriate polyadenylation signal and downstream element. Binding of the 64K subunit of CstF to RNA is also influenced by the interaction of polyadenylation and splicing factors during recognition of 3'-terminal exons (18) .
We have developed a procedure for mapping the site on an RNA molecule to which a polypeptide binds. Using this procedure, we have shown that the 64K subunit of CstF is photo cross-linked to the simian virus 40 (SV40) late and adenovirus type 2 L3 (Ad2L3) pre-mRNAs at U-rich regions that are located downstream of the site at which the premRNA is cleaved during the polyadenylation reaction. Four consecutive U residues can substitute for the native U-rich element downstream of the cleavage site in the SV40 late pre-mRNA, and the site of cleavage on the SV40 pre-mRNA is influenced by the location of the stretch of U residues. These results lead us to propose (i) that the polyadenylation machinery physically spans the cleavage site, with CPSF interacting at the upstream AAUAAA motif and CstF interacting at a downstream U-rich sequence, and (ii) that CstF plays a role in cleavage site selection.
MATERIALS AND METHODS
RASH mapping. Capped, 32P-labeled RNAs were synthesized by using either SP6 or T7 RNA polymerase and [32P]UTP as described previously (31 (25) .
Polyadenylation cleavage assays. Pre-mRNA templates were pSVL, pSVL-3, pSP-AdL3, pSVL-GEM (16, 31, 32) , pSVL-U15 (formerly termed pSVL-4U5 [32] ), pSVL-U23, and pSVL-U36 (2). Plasmids pSVL-U23 and pSVL-U36 were constructed by first inserting the oligonucleotide 5'-TlTTI'TAA ACTGCAGTGCA-3' and its appropriate compliment into the NsiI site of pGEM-7Zf(-). The SstI-to-PstI and the BamHIto-PstI fragments of the resulting plasmid were then inserted between the BsmI-to-PstI sites of pSVL to create pSVL-U23 and pSVL-U36, respectively. Polyadenylation and cleavage assays as well as UV cross-linking were done as described previously (31) . Polyadenylation reaction mixtures contained 58% HeLa cell nuclear extract, 1 mM ATP, 16 mM phosphocreatine, 2.6% polyvinyl alcohol, and 10 fmol of capped 32P-labeled RNA; cleavage reactions were the same except that 1 mM AMP(CH2)PP and EDTA were substituted for the ATP and phosphocreatine. RESULTS RASH mapping of the binding site for the 64K polypeptide on pre-mRNAs. We used the RASH mapping procedure to locate the site of 64K protein cross-linking to the SV40 late pre-mRNA. Capped, 32P-labeled pre-mRNA, corresponding to the 3'-terminal domain of the SV40 late transcription unit (SVL-3), was prepared by in vitro transcription with SP6 polymerase. This substrate was added to a HeLa nuclear extract and incubated for a short time to allow polyadenylation complexes to form. Then the mixture was subjected to UV irradiation, and photo cross-linked 64K protein-RNA complexes were isolated by immunoprecipitation with a 64K protein-specific monoclonal antibody (27) . The protein-RNA complex was hybridized to an oligodeoxyribonucleotide complementary to 12 to 15 nt of the substrate RNA, and the resulting RNA-DNA hybrid was hydrolyzed with RNase H (10) . Finally, the cleaved RNA was analyzed by denaturing gel electrophoresis to determine which of the resulting fragments contained the cross-linked 64K protein. RNA-protein complexes were readily distinguished from free RNA because the complexes failed to enter the gel during electrophoresis.
Capped, 122-nt SVL-3 RNA was not hydrolyzed by RNase H when it was incubated with a noncomplementary oligodeoxyribonucleotide (Fig. 1, lane 1) . When the SVL-3 RNA was photo cross-linked to the 64K protein in a polyadenylation reaction and immunoprecipitated with a 64K protein-specific monoclonal antibody, it failed to enter the polyacrylamide gel during electrophoresis (Fig. 1 , lane 2). Digestion with proteinase K allowed the RNA to enter the gel (Fig. 1, lane 3) , confirming that the abnormal migration of the complex was due to the cross-linked protein. The inability of RNA molecules containing cross-linked protein to enter the gel during electrophoresis provided a simple method for localization of 64K cross-linking sites to specific RNA fragments. Further, it was clear that the results would not be obscured by contaminating RNA lacking bound 64K protein, since no free, normally migrating RNA was evident in the immunoprecipitated sample (Fig. 1, lane 2) . Finally, the reaction was specific for the 64K protein, since control experiments using a variety of nonspecific antibodies failed to precipitate an RNA-protein complex (data not shown).
Next, free SVL-3 RNA was hybridized to oligonucleotide B, which was complementary to nt -24 to -13 relative to the cleavage site utilized during polyadenylation (Fig. 1, diagram) . RNase H hydrolysis produced three bands (Fig. 1, lane 4) ; the 122-nt species corresponded to unhydrolyzed SVL-3 RNA, while the 65-and 46-nt bands represented sequences 3' and 5' to the oligonucleotide B sequence, respectively. When immunoprecipitated SVL-3 RNA-protein complex was cleaved by using oligonucleotide B and RNase H, the 122-nt full-length and the 65-nt product were retained at the origin (Fig. 1, lane   5 ). Both RNAs could be released by proteinase K digestion (Fig. 1, lane 6) , indicating that the 64K protein is cross-linked within the 65-nt fragment. Similar analyses with oligonucleotide D (complementary to nt +27 to +38; Fig. 1 , lanes 7 to 9) and oligonucleotide C (complementary to nt +2 to + 13; Fig. 1 , lanes 11 to 13) led to the conclusion that the 64K CstF protein is cross-linked within a 13-nt region located between + 14 and +26 relative to the site at which the SVL pre-mRNA is cleaved during polyadenylation (see Fig. SA) .
We also used the RASH technique to map the site of 64K protein cross-linking to a second polyadenylation substrate, the Ad2L3 pre-mRNA. As expected, incubation with a nonspecific oligodeoxyribonucleotide failed to induce hydrolysis of the 164-nt Ad2L3 RNA with RNase H (Fig. 2, lane 1 cleotide E and RNase H, the 42-nt segment was retained at the origin, while the 110-nt segment migrated normally during electrophoresis (Fig. 2, lane 3) . On treatment with proteinase K, the 42-nt fragment generated from the RNA-protein complex entered the gel (Fig. 2, lane 4) . Therefore, the 64K polypeptide binds within the 42-nt fragment, downstream of oligonucleotide E. A similar analysis placed the 64K binding site upstream of oligonucleotide F (Fig. 2, lanes 5 to 7) . Thus, the 64K protein is cross-linked between nt + 16 and +30 relative to the cleavage site on the Ad2L3 pre-mRNA (see Fig.  5A ).
Specific binding by the 64K protein requires associated polyadenylation factors. The 64K polypeptide was expressed in E. coli as a fusion protein with six histidine residues at its amino terminus (rHis64) and purified by nickel chelate chromatography. This fusion protein was subjected to the RASH mapping procedure to determine whether it had the intrinsic ability to bind specifically to downstream U-rich sites on this pre-mRNA. Recombinant 64K protein was previously shown to photo cross-link to RNA, but in a non-AAUAAA-dependent manner (reference 25 and data not shown). The interaction of purified rHis64 protein with the SVL-3 pre-mRNA was mapped by the RASH procedure (Fig. 3) . SVL-3 RNA was photo cross-linked to bacterially expressed rHis64, immunoprecipitated with antibody to the 64K protein, incubated with oligonucleotide B and RNase H, and analyzed by electrophoresis on a denaturing polyacrylamide gel. Reduced levels of RNA corresponding to both the 46-and 65-nt RNA products are evident in the gel (Fig. 3, lane 5 ), but no RNA band corresponding to the full-length 122-nt species was present. Incubation with proteinase K resulted in an increase of radioactivity in the 46-and 65-nt bands, as well as the reappearance of a band at 122 nt (Fig. 3, lane 6) . This is the result one would expect if the 64K protein was cross-linked to SVL-3 RNA at positions both upstream and downstream of oligonucleotide B. For comparison, the specific site to which 64K protein within a HeLa nuclear extract binds to SVL-3 RNA was assayed by using oligonucleotide B (Fig. 3, lanes 3 and 4) . It bound downstream but not upstream of oligonucleotide B, as before. RASH mapping of rHis64 on SVL-3 with oligonucleotides C and D yielded similar results; i.e., the protein appeared to bind both upstream and downstream of the sites to which the oligonucleotides bound (Fig. 3, lanes 7 to 12) . Thus, it appears that isolated 64K protein can bind to the SVL-3 pre-mRNA, but it binds at multiple sites. 4 Four consecutive U residues can substitute for the native 64K protein binding site in the SVL pre-mRNA. The downstream binding site for the 64K polypeptide on the SVL and Ad2L3 pre-mRNAs is U rich. We previously reported that a stretch of five U residues can functionally substitute for the native downstream domain of both the SV40 late and SV40 early pre-mRNAs to activate polyadenylation (32) . Therefore, a series of SVL derivatives were analyzed to test the ability of the 64K protein to interact specifically with a short stretch of U residues downstream of the cleavage site (Fig. 4A) . SVL-GEM contains an unrelated polylinker sequence with no more than two consecutive U residues in place of the native SVL downstream sequences beginning at nt +6. Additional variants similar to SVL-GEM were generated, except that they contained five consecutive U residues at + 15, +23, or +36 relative to the cleavage site. These substrates were tested for their abilities to undergo cleavage (Fig. 4B) and to cross-link to the 64K CstF protein (Fig. 4C) . The wild-type SVL pre-mRNA The AAUAAA motifs are highlighted by a single line below the sequences, and the cleavage site is designated by a dot. Positions to which oligonucleotides (oligo) that were used in the mapping procedure hybridize are indicated by single lines above the sequences, and the locations of the sites to which the 64K protein is cross-linked are indicated by double lines below the sequences. U-rich elements are italicized. (B) Model for the interaction of the four polyadenylation factors, CPSF, CstF, cleavage factor I (CF I), and cleavage factor II (CF II), with the substrate pre-mRNA. CstF, which is composed of three subunits, is proposed to span from CPSF bound at the AAUAAA motif to a U-rich sequence where the 64K subunit binds downstream of the cleavage site. It is not known which of the CstF subunits contacts CPSF.
was efficiently cleaved in a HeLa nuclear extract (Fig. 4B) . Substitution of the downstream sequences with GEM polylinker eliminated cleavage (Fig. 4B) . Finally, introduction of five U residues at +15 or at +23 (SVL-U15 or SVL-U23), but not at +36 (SVL-U36), restored cleavage to wild-type levels (Fig. 4B) . The abilities of substrate RNAs to be cleaved correlated with their abilities to be photo cross-linked to the 64K CstF protein (Fig. 4C) . The SVL-GEM and SVL-U36 substrates were unable to efficiently transfer the radioactive label, while SVL, SVL-U15, and SVL-U23 efficiently labeled the 64K protein. Downstream insertions of four consecutive U residues mediated polyadenylation and 64K protein crosslinking in the same manner as observed for five U residues (3).
To determine whether the position of the CstF interaction within the downstream domain affects the choice of cleavage site, cleavage assays were performed on SVL, SVL-U15, and SVL-U23 RNAs, followed by size fractionation on a sequencing gel (Fig. 4D) . Introduction of the U-stretch into the SVL-GEM mutant at + 15 (SVL-U15) directed cleavage to the + 1 site, the site at which the SVL substrate is normally processed. However, introduction of the U-stretch further downstream, at +23 (SVL-U23), directed cleavage at both the +1 site and a second site further downstream. This site was determined to correspond to +4 on the basis of apparent size and the location of the next appropriate CA dinucleotide in SVL-U23.
Thus, a stretch of consecutive U residues can substitute for the native SVL downstream element. Further, the position of the U stretch within the downstream domain, and therefore the site at which the 64K polypeptide binds, can influence the site at which the pre-mRNA is cleaved.
DISCUSSION
We used an RNase H-mediated method (RASH mapping) to determine the binding sites of the 64K protein of CstF on polyadenylation substrates. Using this technique, we determined that purified 64K protein was cross-linked to premRNA at multiple sites (Fig. 3) . We interpret this to indicate that the 64K binding site is sufficiently simple that it occurs at multiple locations on the SVL-3 RNA. Takagaki and Manley (26) have found that the purified RNA binding domain of the 64K protein shows a strong preference for poly(U) compared with other homopolymeric RNAs, which is consistent with a general affinity of the protein for U-rich sequences. By contrast, when other polyadenylation factors are present, the 64K protein of CstF was cross-linked to a specific U-rich element downstream of the cleavage site on two different pre-mRNAs ( Fig. 1 and 2 Hum2c9xO7   X14724  L22548  Z11166  X54626  M21343  M84011  L19756  J04982  M93221  L14960  X16995  X52174  M34462  X13461  M14050  M24638  D10522  Y00264  M34158  J00271  X01038  M11228  M93148  L01693  U02316  M17466  X60001  X75497  X15842  M21005  K03021  M15353  L00974  X72862  M19960  M59924  M15656  S45011  X64881  J02843  M62357  L17043  X69516  X00695  X62549  D10604  M69260  L16883 MOL. CELL. BIOL. (Fig. 5A) , and work is in progress to identify the variety of U-rich motifs that are able to sponsor binding of the 64K polypeptide (data not shown).
McLauchlan et al. (15) surveyed a series of viral, avian, and mammalian mRNA 3' termini and concluded that a downstream element with the consensus YGTGTTYY is often involved in polyadenylation. This specific sequence is not present in any of the 180 mammalian sites that we identified, although many contained related GU-rich elements (data not shown). We suspect that GU-rich elements which are frequently found downstream of AAUAAA motifs can substitute both functionally and positionally for U-rich elements, but we have not tested this possibility. A relative lack of specificity of the 64K protein for a particular sequence motif might allow it flexibility in interacting with either U-rich or GU-rich downstream elements in the proper location. Alternatively, GU-rich elements may function by binding another, not yet identified factor.
We propose a model in Fig. 5B for the role of CstF in the accurate cleavage of pre-mRNA substrates during polyadenylation. This model suggests that a constituent of CPSF initially binds to the AAUAAA motif. Then CstF, which can interact with CPSF, binds through its 64K subunit to an appropriately positioned U-rich sequence downstream of the cleavage site on the RNA substrate. Thus, CPSF and CstF both interact with the pre-mRNA, and they interact with each other, spanning the polyadenylation cleavage site. CstF binding is essential for efficient pre-mRNA cleavage (7, 8, 27, 28) . Efficient cleavage should require the presence of a 64K CstF protein binding site within an acceptable distance from the AAUAAA motif, and this prediction was borne out (Fig. 4B) . Finally, movement of the 64K protein binding site within a limited range might be expected to influence the location of the cleavage site. This prediction of the model also proved correct (Fig. 4D) . It is interesting that the 64K polypeptide contains 12 repeated copies of a five-amino-acid unit (MEARA/G) that is predicted to form a stable o helix (25) . This rodlike structure, about 9 nm in length, might serve as a "molecular ruler," reaching from a contact with a component of CPSF to the U-rich downstream element on the pre-mRNA.
We conclude that polyadenylation factors contact premRNA sequences both upstream and downstream of the cleavage site, and these sequences play a role in correct positioning of the polyadenylation machinery as well as choice of cleavage site.
